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Introduction: In a diploid organism, two alleles from a single genetic locus are expressed to generate a
normal phenotype. Heterozygous deleterious mutation causes a reduction of functional proteins to a half
dose and insufficient amounts of functional proteins can occur to generate an inenormal phenotype,
namelyhaploinsufficiency.HeterozygousdeleteriousmutationofmicroRNAs (miRs), non-codingRNAs that
regulate the expression level of target transcripts, is still notwell understood. The hsa-miR-302/367 cluster
is the most abundant and specifically up-regulated miR cluster in human embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) and plays an important role in the maintenance of pluripotency.
Methods: We targeted the hsa-miR-302/367 region via a Cas9 nuclease complex with guide RNA and
replaced that region with green fluorescent protein (GFP). Using a homologous donor, consisting of left
and right arms and GFP, we confirmed deletion of the hsa-miR-302/367 cluster by homologous
recombination without cellular destruction by microscopy. We sub-cloned GFP-positive colonies and
checked the genotype of each sub-clone by genomic PCR. We then analyzed the pluripotency of het-
erozygous knockout cells with a hsa-miR-302/367 cluster by assessing cell proliferation ratio,
morphology, and undifferentiated marker gene expression. We also used an embryoid body formation
assay and transplanted wild-type and heterozygous knockout cells into immune-deficient mice.
Furthermore, to analyze the lineage-specific differentiation potential of heterozygous knockout cells, we
differentiated both wild-type and heterozygous knockout cells into neural stem cells.
Results: Here, we show that the half dose of mature miRs from the hsa-miR-302/367 cluster loci was
sufficient for the continued self-renewal of hiPSCs. All GFP-positive clones were revealed to be hetero-
zygous knockout cells, suggesting hsa-miR-302/367 cluster homozygous knockout cells were not
maintained. The cell proliferation ratio, morphology, and expression of undifferentiated marker genes
were comparable between wild-type and heterozygous knockout of undifferentiated human iPSCs. In
addition, we found that heterozygous knockout human iPSCs have the capacity to differentiate into three
germ layers, including neural stem cells.
Conclusions: Taken together, a single allele of the hsa-miR-302/367 cluster expresses a sufficient amount
of miRs to maintain the pluripotent properties of human stem cells.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

In a diploid organism, two alleles of a single genetic locus are
expressed to generate a normal phenotype. Heterozygous delete-
rious mutation reduces the level of encoded proteins by half. For
most gene loci, a single functional allele provides sufficient activity
such that a standard phenotype is maintained. In some cases,
insufficient amounts of functional proteins can still generate an
inenormal phenotype, that is haploinsufficiency [1]. MicroRNAs
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(miRs) are small, noneprotein-coding RNAs, 21e25 nucleotides in
length, that negatively regulate the post-transcriptional expression
of targeted mRNAs [2]. MicroRNA sequences are dispersed
throughout the genomes of from Caenorhabditis elegans [3], [4] to
humans [5] and have either RNA polymerase II or III regulatory
elements in their own promoters [6]. Since a single miR can
recognize and consequently regulate the expression of more than
100 different transcripts, miRs were estimated to be able to regulate
up to 30% of the protein-coding genes in the human genome [7],[8]
As a result, miRs received widespread attention for their potential
roles in complicated biological processes and multifactorial dis-
eases. However, the impact of heterozygous deleterious mutations
of miRs to such processes and disease remains to be elucidated.

Recent studies have implicated miRs in the self-renewal and
differentiation of embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) [9e12]. Compared to differentiated
cells, particular miR families are specifically upregulated in human
pluripotent stem cells (PSCs) [13e16], including Homo sapiens
(hsa)-miR-302/367 [17e19], hsa-miR-372 [19], hsa-miR-17-92 [20],
and hsa-miR-200 families [21]. However, the functional roles of
human PSCespecific miRs and the genes they regulate remain
largely unknown. DICER1 deletion led to increased cell death by
receptoremediated apoptosis and a failure of self-renewal in hu-
man ESCs [22]. Also, knockout (KO) of the hsa-miR-302/367 cluster
in primary fibroblasts completely blocked iPSC generation [23].
Furthermore, study of knockdown of the hsa-miR-302/367 cluster
by employing transcription activator-like effector (TALE)-based
transcriptional repressors revealed that these miRs dually regu-
lated the cell cycle and apoptosis in human ESCs [24]. The miRs
cannot be functionally knocked out by simple insertions and de-
letions like protein-coding sequences, so exchanging the whole
region, including all target miRs, may be the first option in inves-
tigating miR functions [25]. To the best of our knowledge, hsa-miR-
302/367 KO PSCs have not been established.

In this study, we investigated the functional roles of hsa-miR-
302/367 in human PSCs by targeting the hsa-miR-302/367 region
via a CRISPR/Cas9 genome editing system. Using a donor plasmid
with homologous arms of hsa-miR-302/367 flanking regions and a
green fluorescent protein (GFP)-polyadenylation tail, we isolated
hsa-miR-302/367 regionedeleted clones detected by fluorescence
protein expression under the microscope. All fluorescent-positive
clones were shown to be heterozygous knockouts by genomic
PCR, suggesting that the hsa-miR-302/67 cluster is essential for
maintaining human iPSCs. Next, we investigated the pluripotency
of heterozygous knockout human iPSCs and found that character-
istics were properlymaintained by a half dose of themature form of
hsa-miR-302/367. Previously, we demonstrated that over-
expression of DAZAP2 protein, one of the target genes of hsa-miR-
302a/b/c/d, disrupted neural differentiation [26]. To observe ecto-
dermal differentiation properties in more detail, we applied more
lineage-specific differentiationmethods such as differentiation into
neural stem cells (NSCs) and found that neural differentiation was
comparable between wild-type and heterozygous knockouts. Our
study revealed that the hsa-miR-302/367 cluster was essential for
self-renewal. Also, similar to most protein-coding genes, a single
functional allele of the hsa-miR-302/367 cluster provided sufficient
amounts of miRs such that a standard phenotype was maintained
in human iPSCs.

2. Materials and methods

2.1. Cell culture

Humanmenstrual blood (Edom22) cell lines were established in
our laboratory under a protocol approved by the Institutional
38
Review Board of the National Research Institute for Child Health
and Development of Japan [27]. We generated human iPSCs in our
laboratory [26] and maintained these on irradiated mouse em-
bryonic fibroblast feeder layers in human iPSC medium, which
contained KODMEM (Thermo Fisher Scientific, Waltham, MA, USA),
20% KO serum replacement, GlutaMAX, sodium pyruvate, and non-
essential amino acids (Thermo Fisher Scientific) supplemented
with 10 ng/mL recombinant human basic fibroblast growth factor
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) or on iMatrix-
511 (Nippi. Inc., Tokyo, Japan) in StemFit medium (Reprocell Inc.,
Kanagawa, Japan). The medium was changed every other day and
cells were passaged approximately once per week using enzymatic
(TrypLE Select Enzyme; Thermo Fisher Scientific) or by mechanical
methods.

2.2. Generation of fluorescence protein knock-in human PSCs

Oligo DNAs for guide (g)RNAs targeted to the hsa-miR-302
cluster region were cloned into a PX459 ver.2.0 plasmid (Addg-
ene, Cambridge, MA, USA) using FastDigest BpiI (Thermo Fisher
Scientific). The primer sequences of oligo DNAs are listed in the
Supplementary Table. For donor vector construction, we first
amplified a 2.3-kb region that included hsa-miR-302/367 using
GoTaq MasterMix (Promega Corp., Madison, WI, USA) with primers
as a donor vector listed in the Supplementary Table and cloned this
into a pGEM-T easy vector (Promega Corp., Madison, WI, USA). To
remove the hsa-miR-302/367 region, SpeI and HindIII (NEB Inc.,
Ipswich, MA, USA) were used and then DNA fragments containing
GFP or RFP (red fluorescent protein) with a polyadenylation signal
were ligated by a Gibson assembly kit (NEB Inc., Ipswich, MA, USA).
Constructed vectors were extracted using a QIAGEN Plasmid Plus
Midi Kit (QIAGEN GmbH, Venlo, Netherlands) and electroporated
using a NEPA21 Super Electroporator (Nepa Gene Co., Ltd., Chiba,
Japan) following the manufacturer's protocol.

2.3. EB formation

On the day of embryoid body (EB) formation, cells were grown
to 60e80% confluence. To form EBs, human iPSC colonies were
washed using Dulbecco's phosphate-buffered saline (DPBS;
Thermo Fisher Scientific). Cells were then detached to become
single cells or small aggregates after 10 min incubationwith TrypLE
Select Enzyme (Thermo Fisher Scientific), and transferred to a 15-
mL conical tube. Cell culture medium was added to the tube and
the cell suspension pipetted to separate cells. The cell number was
counted, and cells spun down at 1000 rpm for 5 min. We re-
suspended the cells in StemFit medium with ROCK inhibitor (Y-
27632; FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan),
and seeded 2e3 � 103 cells in a total volume of 100 mL into each
well of Nunclon Sphera 96-well round (U) bottom plates (Thermo
Fisher Scientific). StemFit medium was added on days 2 and 4. The
resulting EB cultures were maintained for 7 days and collected for
microarray assay.

2.4. miRNA extraction and qRTePCR of mature microRNA

Total RNA (including small RNA) was isolated using TRIzol LS
reagent (Thermo Fisher Scientific), following the manufacturer's
protocol. Complementary DNA templates for quantitative reverse
transcription polymerase chain reaction (qRTePCR) analysis of
miRNA expressionwas prepared using a TaqManMicroRNA Reverse
Transcription Kit and miR-specific RT Primers. Mature miRNA
expression was analyzed using a TaqMan miRNA assay (Life Tech-
nologies, Waltham, CA, USA) and TaqMan Universal Master Mix II
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with UNG (Life Technologies) following the manufacturer's
protocol.

2.5. Differentiation of iPSCs into neural stem cells

Neural stem cells were differentiated from wild type (wt) and
hsa-miR-302/367 cluster heterozygous knockout (hetKO) cells
following the protocol of Chambers et al., 2009 with a slight
modification [28]. Briefly, human iPS cells were plated on iMatrics-
511 in StemFit medium with ROCK inhibitor. Human iPS cells were
allowed to expand until from 50 to 60% confluent.We then changed
the medium to differentiation medium containing 10 nM SB431542
(FUJIFILM Wako Pure Chemicals Corporation) and 500 ng/mL
Noggin (PEPROTECH, Cranbury, NJ, USA) in StemFit. After two days,
SB432542 was withdrawn and increasing amounts of N-2 medium
(25%, 50% and 75%) was gradually added to the StemFit medium
every two days while maintaining 500 ng/mL Noggin. N2 medium
contained DMEM/F12 (Thermo Fisher Scientific) and 1% N-2 sup-
plement (Thermo Fisher Scientific).

2.6. Immunofluorescence staining

Human iPSCs were grown on 35-mm glass coverslips (AGC
TECHNO GLASS, Shizuoka, Japan), fixed in 4% paraformaldehyde,
and permeabilized in phosphate buffered saline (PBS) containing
0.5% Triton X-100. Subsequently, cells were blocked with PBS
containing 5% goat normal serum appropriate for each antibody in
preparation for immunohistochemistry studies. Cells were then
incubated overnight at 4 �C with primary antibodies against
POU5F1 (sc-5792; Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
NANOG (RCAB0003P; ReproCELL, Yokohama, Japan), and stage-
specific embryonic antigen 4 (SSEA4; RCAB0003P; ReproCELL).
Following overnight incubation, cells were washed with PBS con-
taining 5% normal serum. Next, cells were incubated in the dark for
1 h at room temperature in PBS containing 0.1% bovine serum al-
bumin and appropriate secondary anti-mouse, anti-rabbit, or anti-
goat antibodies coupled with Alexa 546 (BD Biosciences, Franklin
Lakes, NJ, USA), as well as 4’, 6-diamidino-2-phenylindole (DAPI)
for nuclear staining. In immunofluorescence assays, we showed
that endogenous pluripotent markers, such as POU5F1 and NANOG
proteins, were expressed in wt and hetKO cells. We also found that
both wt and hetKO cells expressed human ESC-specific surface
antigens, such as SSEA-4.

2.7. Teratoma formation assay

The animal use protocol was approved by the Institutional An-
imal Care and Use Committee of the National Research Institute for
Child Health and Development (NRICHD, Permit Number: A2003-
002). All experiments with mice were subject to 3 R (refine,
reduce, and replace) consideration, and all efforts were made to
minimize animal suffering and to reduce the number of animals
used. In vivo pluripotency was assessed by teratoma formation in
severe combined immunodeficient nude mice (BALB/cAJcl-nu/nu)
purchased from CLEA (Tokyo, Japan). A 60-mm plate of undiffer-
entiated hESCs was washed with DPBS, and the cells were har-
vested with a cell scraper. The cell suspension was collected into a
15-mL conical tube and centrifuged at 1000 rpm for 4 min. The cell
pellet was resuspended in hESC culture medium and Matrigel (BD
Biosciences, Franklin Lakes, NJ, USA; #356234) to a final total vol-
ume of 400 mL. Approximately 2e5 � 106 cells in 200 mL were
injected subcutaneously into the dorsolateral area on both sides.
Mice were sacrificed after 8e10 weeks. Tumors were then excised
surgically, fixed in 4% paraformaldehyde, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin. Hematoxylin
39
and eosinestained paraffin-embedded sections were histologically
examined for the presence of differentiated human tissue derived
from all three embryonic germ layers.

2.8. Quantitative RTePCR analysis

Total RNA was isolated using the RNeasy Plus Mini Kit (QIAGEN
GmbH). Single-stranded cDNA was synthesized from 0.1 to 2 mg of
total RNA in 20 mL reactions containing random primers using a
Superscript III or IV First Strand cDNA Synthesis System (Thermo
Fisher Scientific). For qRTePCR, we used SYBR Greenebased assays
(Luna Universal qPCR Master Mix; NEB). Transcript levels were
determined using a QuantStudio 12K Flex Real-Time PCR System
(Thermo Fisher Scientific). All qRTePCR reactions using SYBR Green
were conducted in triplicate or quadruplicate, and relative quan-
tification was performed using GAPDH as a reference gene. In
addition, we ran multiple gene expression assays with EBs derived
fromwild-type and hsa-miR-302/367 heterozygous knockout iPSCs
by qRTePCR, using TaqMan™ hPSC Scorecard™ Panel (Thermo
Fisher Scientific).

2.9. Statistical analysis

The values shown in the graphs are expressed asmean± standard
deviation. Statistical analysis for comparison between groups was
performed using the paired Student t-test. Statistical significancewas
set as P < 0.05.

3. Results

3.1. Hsa-miR-302/367 cluster is essential for human iPSCs

Recently, we analyzed miR expression profiles in human PSCs
such as ESCs and iPSCs. We identified the hsa-miR-302/367 cluster
as being the most abundant and specific. Furthermore, DAZAP2
overexpression was found to have an impact on neural differenti-
ation of human iPSCs [26]. To further investigate a functional role
for the hsa-miR-302/367 cluster in human PSCs we designed two
gRNAs that were located upstream and downstream of the hsa-
miR-302/367 cluster (Fig. 1A). A flanking sequence of the hsa-
miR-302/367 cluster was cloned as a homologous arm of a
homology-directed repair donor for the recombination of GFP with
a polyadenylation signal sequence on the hsa-miR-302/367 cluster
region (Fig. 1A). We transfected two gRNAs and a donor vector into
human Edom_iPSCs [26]. In case homologous recombination (HR)
occurred, GFP expression would be driven by an endogenous pro-
moter of the hsa-miR-302/367 cluster so that HR would be
observable by fluorescence microscopy. One week after trans-
fection, we found several GFP-positive cells. After a few passages,
we successfully sub-cloned GFP-positive cells (Fig. 1B) and geno-
typed them by genomic PCR. Unexpectedly, we did not obtain any
homozygous KO human iPSC lines after genotyping more than a
hundred clones by repeated experiments of transfection (Fig. 1C).
Next, we confirmed that GFP was inserted in the hsa-miR-302/367
cluster region in a subclone of heterozygous knockout Edom_iPSCs
by genomic PCR (Supplemental figure 1). We also checked the locus
of potential off-target sites by COSMID (https://crispr.bme.gatech.
edu). Among the top 10 potential off-target sites, only one is the
site on protein-coding region. We amplified this region (GPRIN3
gene coding region) by genomic PCR and sequenced it by sanger
sequencing. As a result, we confirmed no obvious off-target effect
using these gRNAs (data not shown). These results suggest that the
hsa-miR-302/367 cluster is essential for human PSC survival and
that miR-deficient human PSCs have self-renewal defects. There-
after, we analyzed the properties of heterozygous knockout human
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Fig. 1. Generation of hsa-miR-302/367 cluster knockout by CRISPR/Cas9. (A) Schematic image of Homo sapiens (hsa)-miR-302/367 cluster knockout (KO) by CRISPR/Cas9 technology.
Two guide (g)RNAs were designed in immediately before and after miR cluster coding loci. Donor vectors for homologous recombinationwere designed to observe green fluorescent
protein (GFP) signals in case recombination occurred. (B) Images of GFP-positive transfected clones of Edom_iPSCs. Scale bars are 200 mm. (C) PCR analysis of genotyping using
genomic DNA of sub-clones. An orange primer pair was used to amplify the endogenous hsa-miR-302/367 cluster coding loci. Markers are indicated by an arrowhead. EGFP,
enhanced green fluorescent protein; iPSC, induced pluripotent stem cell; LHA, left homologous arm; RHA, right homologous arm.
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iPSCs to investigate the impact of heterozygous deleterious muta-
tion of miRs.

3.2. Heterozygous knockout of the hsa-miR-302/367 cluster does
not affect human iPSC renewal

Human Edom_iPSCs with heterozygous knockout of the hsa-
miR-302/367 cluster (hetKO) showed a normal morphology and
were comparable towild-type isogenic lines. At the time of writing,
the hetKO had been maintained for more than 30 passages. Since
the hsa-miR-302/367 cluster plays a role in pluripotent gene
signaling networks, we first examined the expression level of
pluripotent marker genes, pri-miR-302, and five mature hsa-miR-
302/367 cluster members in the hetKO by qRTePCR. Pluripotent
marker genes, such as POU5F1, NANOG, SOX2, DNMT3B, TDGF1, and
TRIM28, were expressed at high levels in the hetKO comparable to
those in the control isogenic line (Fig. 2A). As expected, expression
of the precursor of mature miR-302a/b/c/d/367 (pri-miR-302) in
the hetKO was significantly reduced by half when compared with
40
the control isogenic cell line (Fig. 2A). Also, the expression of five
mature miRs from hsa-miR-302/367 cluster in the hetKO were
significantly reduced by 50% when compared with the control
isogenic cell line (Fig. 2B). We also tested whether mature miR
expression levels exerted effects on pluripotent markers at the
protein level. We found that the expression level and subcellular
localization of POU5F1, NANOG, and SSEA-4 proteins were com-
parable with that in the control isogenic cell line (Fig. 2C). Taken
together, despite the importance of hsa-miR-302/367 members in
the maintenance of human iPSCs, a reduction of a half dose of miRs
did not have severe effects on marker gene expression in human
iPSCs.

Previous studies reported that hsa-miR-302/367 cluster mem-
bers regulated cell-cycleerelated genes. Also, Zhang and colleagues
reported that the miR-302/367 cluster dually regulated the cell
cycle and apoptosis in human ESCs by employing TALE-based
transcriptional repressors of such miRs [24]. Thus, we investi-
gated the expression of the genes that play a role in either apoptosis
or the cell cycle. First, to investigate the impacts of the



Fig. 2. Pluripotent marker gene expression in hetKO iPSCs was comparable with isogenic control line. (A) The expression of undifferentiated marker genes, including POU5F1,
NANOG, SOX2, DNMT3B, TDGF1, and TRIM28, was comparable between control isogenic line and Homo sapiens (hsa)-miR-302/367 cluster heterozygous knockout Edom_iPSCs.
Primary microRNA (miR) of hsa-miR-302/367 (pri-miR-302) was reduced by half in heterozygous knockout Edom_iPSCs. (B) The expression of mature miRs from the hsa-miR-302/
367 cluster was analyzed by a TaqMan microRNA assay system in heterozygous knockout Edom_iPSCs and isogenic control lines. Mature miR-302a/b/c/d/and miR-367 were reduced
by half in heterozygous knockout Edom_iPSCs. (C) Undifferentiated markers, including POU5F1, NANOG, and stage-specific embryonic antigen 4 (SSEA4), were normally expressed
and localized in heterozygous knockout Edom_iPSCs and isogenic control lines. 40 ,6-diamino-2-phenylindole (DAPI) staining is shown in blue. Scale bars are 100 mm. (D) The cell
proliferation rate was comparable between the control isogenic line and hsa-miR-302/367 cluster heterozygous knockout Edom_iPSCs. (E) Apoptosis and cell-cycle related marker
gene expression was comparable between the control isogenic line and hsa-miR-302/367 cluster heterozygous knockout Edom_iPSCs. hetKO, hsa-miR-302/367 cluster heterozygous
knockout; iPSC, induced pluripotent stem cell; wt, wild-type. *P < 0.05. **P < 0.01.
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heterozygous knockout of the hsa-miR-302/367 cluster on the self-
renewal of human iPSCs, we assessed the cell growth rate in the
hetKO line. Unexpectedly, the growth rate did not significantly
differ between the hetKO and control isogenic line (Fig. 2D). BNIP3L
that contained a BH3 domain with homology to the BH3-only pro-
41
apoptotic members of the Bcl-2 family of proteins is a bifunctional
mitochondrial protein that can induce cell death. The up-regulation
of this gene was not observed in hetKO cells (Fig. 2E). Using
qRTePCR, we examined the expression of cell-cycle regulators that
were down-regulated in hsa-miR-302/367 knockdown cells in the
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previous study. We found that CCND1, CCND2, and CDK6 were un-
changed in hetKO cells (Fig. 2E), which is consistent with the result
in Fig. 2D. Next, we investigated the expression level of genes that
were previously reported as targets for the hsa-miR-302/367
cluster: DAZAP2, KLF4, MBD2, MBLN2, and TGFBR2; we found that
they were comparable with levels in the control isogenic cell line.
Since the hsa-miR-302/367 cluster is located in the intron of the
LARP7 gene, we also investigated the expression level of LARP7 and
found that this was comparable with the level in the control
isogenic cell line (Supplemental figure 2). Taken together, we
concluded that despite the importance of the hsa-miR-302/367
cluster in human iPSCs, a reduction to a half dose of mature hsa-
miR302a/b/c/d and hsa-miR 367 induced by heterozygous
knockout did not affect the self-renewal of human iPSCs.

3.3. Heterozygous knockout of hsa-miR-302/367 cluster does not
modulate iPSC differentiation

To investigate the effect of heterozygous knockout of the hsa-
miR-302/367 cluster on differentiation potencies, we generated
embryoid bodies (EBs) and compared differentiation properties
between hetKO and the control isogenic line according to lineage-
specific marker gene expression. First, the spontaneous differenti-
ation of human iPSCs via EB formation for seven days was used to
observe differentiation properties by TaqMan qPCR array analysis
(Supplemental figure 3). PAX6, one of the ectodermal marker genes,
was up-regulated in hetKO cells (Supplemental figure 3); endo-
dermal and mesodermal marker gene expression was comparable
between hetKO and control isogenic lines (Supplemental figure 3).
To further evaluate whether hetKO cells maintained their pluripo-
tency in vitro, we performed EB adhesion culture assays. Embryoid
bodies that had differentiated on Matrigel-coated glass dishes from
hetKO cells and control isogenic cell lines expressed markers
associated with the three major germ layers: TUJ1 (ectoderm),
aSMA (mesoderm), and HNF4a (endoderm; Fig. 3A). Additionally,
in an in vivo teratoma formation assay, structures from all three
germ layers were detected, including neural tissues and pigmented
epithelium (ectoderm), cartilage (mesoderm), and intestinal
epithelial structure (endoderm; Fig. 3B).

To observe ectodermal differentiation properties in more detail,
we applied more lineage-specific differentiation methods such as
differentiation into NSCs. As expected, expression of the NSC
marker, PAX6, was significantly higher in the hetKO compared to
control isogenic cell line (Fig. 3C). However, the expression of other
NSC markers, such as SOX1, and SOX2, was lower in the hetKO
compared to control isogenic cell line (Fig. 3C). Also, the expression
of CDH2, DCX,MAP2, and NESwere comparable between hetKO and
control isogenic cell lines. Immunostaining of NSCs revealed that
the expression of neural marker proteins, such as PAX6, NES, and
SOX1, was comparable between hetKO and control isogenic cell
lines (Fig. 3D). Taken together, a single allele of the functional hsa-
miR-302/367 cluster allows the activity of mature miRs such that
standard differentiation properties are maintained.

3.4. Visualization of hsa-miR-302/367 cluster homozygous
knockout cells

To visualize whether we could generate homozygous knockouts
of the hsa-miR-302/367 cluster, we cloned turboRFP (tRFP) instead
of GFP in the donor vector (Fig. 4A). Whenwe transfected the same
two gRNAs and donor vector with tRFP into GFP positive hetKO
cells. A successful homozygous knockout of the hsa-miR-302/367
cluster would be detected as GFP/tRFP double-positive cells. A
day after transfection, we observed several GFP/tRFP double-
positive cells, suggesting that hsa-miR-302/367 homozygous KO
42
cells were generated. However, three days after transfection we
rarely observed double-positive cells. By a week after transfection,
we did not detect any double-positive cells. Next, we acquired
sequential cell image data 24 h after transfection (Fig. 4B). We
observed GFP/tRFP double-positive cells 26 h after transfection
(Fig. 4B left panel). The GFP/tRFP double-positive cells started to
shrink by 31 h after transfection (Fig. 4Bmiddle panel). By 39 h after
transfection, GFP/tRFP positive cells had disappeared (Fig. 4B right
panel). These results further indicated that the hsa-miR-302 cluster
is essential for human PSC survival and that miR-deficient human
PSCs have self-renewal defects.

4. Discussion

An miR-302/367 cluster consists of five members, including
miR-302b, miR-302c, miR-302a, miR-302d, and miR-367, from a
50e30 direction and is highly conserved in higher vertebrates such
as mammals and birds [29], [30]. Such a cluster is involved in
various important biological processes, such as cell proliferation,
cell differentiation, cell reprogramming, tumorigenesis, organ
development, autoimmunity, and maintenance of pluripotency in
pluripotent stem cells [31e33] However, the biological functions of
an miR-302/367 cluster remains to be elucidated. In this study, we
investigated the biological function of hsa-miR-302/367 by target
deletion in human PSCs using a CRISPR/Cas9 system. We subse-
quently found that we could not generate homozygous KOs of hsa-
miR-302/367, indicating that these miRs were essential for the
maintenance of human PSCs. Next, we investigated the functional
properties of heterozygous KO cells. We did not observe any clear
morphological and functional changes because of a reduction to a
half dose of mature hsa-miR-302a/b/c/d and �367. Therefore, a
single allele of the functional hsa-miR-302 cluster provides suffi-
cient miR activities such that standard pluripotent properties are
maintained.

In a diploid organism, two alleles of a single genetic locus are
expressed to produce a normal phenotype. For most genes, how-
ever, a single copy is enough to support normal growth and
development of diploid organisms despite the heterozygous dele-
terious mutation reducing the amount of functional protein by half.
A small subset of genes exhibits sensitivity to decreased gene
dosage, namely haploinsufficiency. MicroRNAs, small non-coding
RNAs, can recognize and consequently regulate the expression of
more than 100 different transcripts such that a reduction in the
amount of mature miRs might affect the expression of over a
hundred genes and functional properties of cells. A reduction of
miRs by deleterious mutations was reported to cause metabolic
abnormalities in a cell. Starczynowski et al. reported that the
deletion of chromosome 5q resulted in the loss of two miRNAs that
are abundant in hematopoietic stem/progenitor cells: miR-145 and
miR-146a. Loss of miR-145 and miR-146a results in hematopoietic
abnormalities reminiscent of 5qe syndrome, including thrombo-
cytosis, characteristic dysmegakaryopoiesis, and variable neu-
tropenia [34]. In our study, heterozygous KO of the hsa-miR-302/
367 cluster did not have an impact on the self-renewal and differ-
entiation of human PSCs despite the expression level of mature
miRs decreasing by half. Although heterozygous KO cells have the
potency to differentiate into all three germ layers, the differentia-
tion properties of heterozygous KO cells may differ from those of
the isogenic control line. Further study is needed to fully elucidate
the effects of the loss of a hsa-miR-302/367 cluster.

CRISPR-Cas9 induces double-strand breaks at target sites,
resulting in their repair and generating random insertions, de-
letions, and changes in the DNA sequence. Gene knockout by
CRISPR/Cas9 is a methodology widely utilized to investigate the
functional role of protein-coding genes. When targeting CRISPR/



Fig. 3. Both control isogenic line and hsa-miR-302/367 cluster heterozygous knockout Edom_iPSCs can differentiate into three germ layers. (A) Both the control isogenic line and
Homo sapiens (hsa)-miR-302/367 cluster heterozygous knockout Edom_iPSCs differentiated in vitro via EB adhesion culture. Both cell lines expressed markers of primary germ
layers. Immunohistochemical analyses of markers of ectoderm (TUJ1), mesoderm (aSMA), and endoderm (GATA4) layers are shown. Scale bars are 100 mm. (B) Both the control
isogenic line and hsa-miR-302/367 cluster heterozygous knockout Edom_iPSCs differentiated in vivo via teratoma formation. Hematoxylin and eosin staining revealed germ layer
derivatives, such as neural tissues (ectoderm; right panels), cartilage (mesoderm; middle panels), and gut epithelial tissues (endoderm; left panels). Scale bars are 100 mm. (C)
Neural stem cell (NSC) marker genes were analyzed in NSCs derived from both a control isogenic line and hsa-miR-302/367 cluster heterozygous knockout Edom_iPSCs. CDH2, DCX,
MAP2, and NES expression were comparable between heterozygous knockout and the control isogenic line. PAX6 was relatively high in the heterozygous knockout line, while SOX1
and SOX2 were relatively low. (D) Neural stem cell markers, including PAX6, NES, and SOX1, were normally expressed and localized in the heterozygous knockout Edom_iPSC and
isogenic control lines. Scale bars are 100 mm. DAPI staining is shown in blue. hetKO, hsa-miR-302/367 cluster heterozygous knockout. *P < 0.05. **P < 0.01.
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Cas9 to the hsa-miR-302/367 cluster, a single site of gene editing is
not sufficient to disrupt function since several miRs, including
those of the same family, share a seed sequence that is critical for
the recognition of target genes. To the best of our knowledge, hsa-
miR-302/367 KO human PSCs have not been established. To over-
come this limitation, paired gRNAs targeting both 50 and 3’ of the
precursor miR region with a homologous donor vector have been
shown to result in larger deletions. The efficiency of CRISPR/Cas9
technology still forces us to spend time genotyping and subcloning
43
to obtain the desired cells. Here, we employed a donor plasmid
with fluorescent protein expression genes to visualize HR clones
without cell destruction, allowing us to easily pick and expand KO
cells. Since Dicer or DGCR8 KO mouse ESCs could self-renew but
showed a differentiation deficit, we expected similar results in
human PSCs [35], [12]. Unexpectedly, we observed the disappear-
ance of GFP/tRFP double-positive homozygous KO cells within 1
week and could not generate stable human PSCs from the homo-
zygous KO of a hsa-miR-302/367 cluster. Consistent with our



Fig. 4. Visualization of homozygous hsa-miR-302/367 knockout cells. (A) Schematic image of Homo sapiens (hsa)-miR-302/367 cluster knockout (KO) by CRISPR/Cas9 technology.
Donor vectors for homologous recombination were designed to show green and red fluorescent signals in case recombination occurred homozygously. (B) Time-lapse imaging after
tRFP donor plasmid transfection into a green fluorescent protein (GFP)-positive heterozygous hsa-miR-302/367 knockout Edom_iPSCs. White arrowhead indicates a tRFP/GFP
doble-positive cell. is EGFP, enhanced green fluorescent protein; hetero KO, heterozygous knockout; homo KO, homozygous knockout; iPSC, induced pluripotent stem cell; LHA, left
homologous arm; RHA, right homologous arm; tRFP, turbo red florescent protein.
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results, Teijeiro and colleagues reported the generation of DICER1-
KO human ESCs, and found that DICER and small RNAs were
essential for self-renewal [22]. In addition, deletion of the miR-302
cluster in primary human fibroblasts completely blocked iPSC
generation [23]. The inconsistency between human and mouse
cells could be explained by the complementary function of Mus
musculus (mmu)-miR-290-295 and the mmu-miR-302 cluster in
mouse ESCs [36e38]. Consistent with this speculation, hsa-miR-
372 and -373, which share a seed sequence with hsa-miR 302
members, rescued the phenotype produced by Dicer depletion. Our
miR profiling data indicated that the expression of hsa-miR-371,
-372, and �373 was much less compared to that of the hsa-miR-
302 cluster in our human PSCs (data not shown), suggesting that
the hsa-miR-302 cluster was essential for human PSC survival.
However, the mechanisms behind why hsa-miR-302 cluster fully
depleted cells had disappeared remains to be elucidated. Zhang and
44
colleagues reported that the miR-302 cluster dually regulated the
cell cycle and apoptosis in human ESCs by employing TALE-based
transcriptional repressors of such miRs [24]. The identification of
hsa-miR-302/367 cluster targets will be needed to understand
molecular mechanisms for cell death by hsa-miR-302/367
depletion.

In summary, our study revealed that a single allele of the hsa-
miR-302/367 cluster maintained the self-renewal and differentia-
tion potencies of human PSCs. Further studies will be needed to
investigate which hsa-miR-302/367 target gene plays a role in
apoptosis, cell-cycle regulation or differentiation.
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